All of the urinary metabolites have been investigated as short-term biomarkers of benzene exposure (10) (11) (12) (13) (14) (15) . Although Urinary benzene (UB) was investigated as a biomarker of the phenolic metabolites are significantly correlated with benexposure among benzene-exposed workers and unexposed zene exposure above~5-10 p.p.m., they have proven to subjects in Shanghai, China. Measurements were perbe unreliable biomarkers at lower exposure levels due to formed via headspace solid phase microextraction of 0.5 ml of urine specimens followed by gas chromatography-mass endogenous and dietary sources of the same compounds spectrometry. This assay is simple and more sensitive than (16) (17) (18) (19) (20) . Likewise, background levels of MA have recently other methods (detection limit 0.016 µg benzene/l urine).
been linked to sorbic acid (a food additive), cosmetics and The median daily benzene exposure was 31 p.p.m. (range pharmaceutical products (21,22) and the ability of individuals to 1.65-329 p.p.m.). When subjects were divided into controls metabolize benzene to MA shows significant genetic variability (n ⍧ 41), those exposed to ≤31 p.p.m. benzene (n ⍧ 22) (23, 24) . Thus, of all metabolites investigated, SPMA can be and >31 p.p.m. benzene (n ⍧ 20), the median UB levels regarded as the only specific biomarker of benzene exposure were 0.069, 4.95 and 46.1 µg/l, respectively (Spearman r (25). However, current assays for SPMA either require ⍧ 0.879, P Ͻ 0.0001). A linear relationship was observed derivatization prior to quantitation (11) or are not sufficiently between the logarithm of UB and the logarithm of sensitive to monitor low level exposures (15) . benzene exposure in exposed subjects according to the Urinary excretion of unmetabolized benzene has recently following equation: ln(UB, µg/l) ⍧ 0.196 ⍣ 0.709 ln been suggested for biomonitoring because urinary benzene (exposure, p.p.m.) (r ⍧ 0.717, P < 0.0001). Considering all (UB) can be unequivocally related to benzene exposure. subjects, linear relationships were also observed between Ghittori et al. reported a significant correlation of UB with the logarithm of UB and the corresponding logarithms of breathing zone air in workers exposed to benzene at levels four urinary metabolites of benzene, namely t,t-muconic as low as 0.1 p.p.m. (26). UB was also found to be most acid (r ⍧ 0.938, P < 0.0001), phenol (r ⍧ 0.826, P < 0.0001), highly correlated with benzene exposure of six urinary biocatechol (r ⍧ 0.812, P < 0.0001) and hydroquinone (r ⍧ markers among workers exposed to 0.01-3.5 p.p.m. benzene 0.898, P < 0.0001). Ratios of individual metabolite levels to in petroleum refineries (14). total metabolites versus UB provide evidence of competitive Despite the promise of UB as a biomarker of benzene inhibition of CYP450 enzymes leading to increased producexposure, relatively few applications have been published, tion of phenol and catechol at the expense of hydroquinone possibly due to methodological problems. The assay of UB and muconic acid. Among control subjects UB was readily by Ghittori et al. involves purging of benzene from 50 ml of detected with a mean level of 0.145 µg/l (range 0.027-2.06 urine followed by gas phase adsorption, thermal desorption µg/l), compared with 5.63 µg/l (range 0.837-26.38 µg/l) in and analysis by gas chromatography with flame ionization workers exposed to benzene below 10 p.p.m. (P < 0.0001).
detection. This method eliminates interference from the bioThis suggests that UB is a good biomarker for exposure to logical matrix but is cumbersome and requires a rather large low levels of benzene.
volume of urine to provide sufficient sensitivity (26,27). The headspace assay of UB by Kok and Ong, employing GC with a photoionization detector, is simpler and requires only 1 Introduction ml of urine (28) . However, among subjects exposed below Benzene is an important industrial chemical that is known to 0.25 p.p.m. benzene, levels of UB were at or below the limit cause hematotoxicity and leukemia in humans (1-3).
of detection (40 ng/l urine, equivalent to 0.51 nmol/l) (14), suggesting insufficient sensitivity to monitor environmental extraction (HS-SPME) to measure UB among persons environForty-three of 44 benzene-exposed subjects provided a spot urine sample.
mentally exposed to benzene (29) . Since the method is Although subjects in factory 1 worked~5-6 h/day, most of them were exposed extremely simple, we wished to evaluate it further over a wide to benzene during a 2.5-3 h period immediately prior to urine sampling.
range of exposures with a study of benzene-exposed workers Workers in factories 2 and 3 worked 8 h/day and urine was collected at the and controls conducted in Shanghai, China (30) (31) (32) (33) 
Subjects
Details of the study design and study subjects have been previously reported by Rothman et al. (30, 31) . Briefly, 44 benzene-exposed workers were selected from three factories in Shanghai, China (factory 1, benzene used to solubilize natural rubber; factory 2, benzene used as a solvent in the manufacture of adhesive tape; factory 3, benzene-based paint and varnish applied to wooden items). Forty-four controls were selected from a sewing machine manufacturing a Hydroquinone, phenol and MA levels were available for 43 exposed workers and 17 controls; catechol levels were available for 42 exposed workers and 16 controls. b UB was measured in 42 benzene-exposed workers and 41 controls. c Correlations were investigated using log transformed variates. d UB levels are in µg/l and other urinary metabolites are in µg/mg creatinine.
day that urine was collected. Overall, the workers were exposed to a median i.d.) was used as the inlet liner in the gas chromatograph. The injector and MS transfer line temperatures were 200 and 280°C, respectively. The ion value of 31 p.p.m. benzene (31) . In factory 1 most workers used half-mask respirators, which were changed when the workers could detect the odor source temperature was between 168 and 174°C. The GC oven was held at 50°C for 3 min and was then ramped at 8°C/min to 160°C. Late eluting of benzene.
Control subjects in the sewing machine factory were monitored for exposure compounds were removed by raising the oven temperature to 250°C. Standard curves were prepared by spiking urine (from a human volunteer stored at -80°C prior to use. Immediately prior to the assay samples were without any known exposure to benzene) with benzene and [ 2 H 6 ]benzene brought to room temperature, gently mixed and 0.5 ml of urine was transferred in methanol (1 µl volumes). Standards were prepared, over the range to a 2 ml vial containing 0.5 g NaCl. One microliter of 5 ng/µl [ 2 H 6 ]benzene 0-500 µg/l, sampled from the headspace and analyzed in the same manner as in methanol was added to give a final concentration of 10 µg/l in urine and for the samples. Standard curves were consistently linear with R 2 > 0.98. samples were immediately capped and then maintained at room temperature Quantitation was based on peak areas relative to [ 2 H 6 ]benzene. for 30 min.
It has been shown that highly volatile organic compounds such as benzene HS-SPME are eliminated via the kidney by diffusion as determined by the partial pressures in urine and plasma. Consequently, the urine/blood concentration UB was measured according to the procedure of Fustinoni et al. (29) with ratio should be equal to the urine/blood distribution coefficient and hence the the following modifications. The volume of urine was reduced from 2 to concentration of benzene in urine should be independent of the urine output 0.5 ml. The incubation temperature during sampling of analytes from the (34,35). Since a high correlation was observed between unadjusted and urine headspace was increased from 40 to 45°C.
creatinine-adjusted UB levels (Pearson r ϭ 0.989, P < 0.0001), UB levels Sample vials were placed in a dry block at 45°C for 15 min to allow the were used without creatinine adjustment in subsequent analyses. analytes to come to equilibrium between the gas and liquid phases. The analytes were sampled from the vial headspace using a manual SPME Statistical analyses assembly containing a polydimethylsiloxane fiber (10 mm, 100 µm film All statistical analyses were performed using SAS system software (SAS thickness). The fiber was housed in a stainless steel needle, which allowed Institute, Cary, NC) using a significance level of 0.05 (two-tailed). Subjects penetration of the PTFE septum into the vial without damaging the fiber.
were divided into three exposure categories, namely controls, those with Once within the vial the fiber was exposed to the headspace for 15 min, geometric mean exposures Ͻ31 p.p.m. and those with geometric mean retracted and the sample was immediately analyzed by gas chromatographyexposures Ͻ31 p.p.m. The correlation among these exposure categories and mass spectrometry (GC-MS).
UB was tested using Spearman coefficients. In light of the highly skewed GC-MS analysis distributions, the following analyses were carried out using (natural) logarithmic transformation. Student's t-test was used to test for differences in UB Samples were analyzed on a HP 5980 series II gas chromatograph coupled to levels between the exposed subjects and the controls as well as between a HP 5971 A mass selective detector. A DB-5 fused silica capillary column smokers and non-smokers in the control group. Linear (Pearson) correlation (60 m, 0.25 mm i.d., 0.25 µm film thickness) was used with He as the carrier coefficients were estimated between individual subjects' exposures and UB gas at a flow rate of 1 ml/min. A Supelco SPME injection sleeve (0.75 mm levels and between UB levels and previously reported urinary metabolites of benzene (phenol, catechol, hydroquinone and muconic acid) (31) . Least squares linear regression was used to investigate the relationships between UB and either benzene exposure or urinary metabolite levels. Multiple regression was conducted to evaluate the impact of smoking on UB levels after adjusting for benzene exposure.
Results
Comparison between UB and benzene exposure UB levels were measured in 42 benzene-exposed workers and 41 matched controls. A typical chromatogram obtained in GC-EI-MS in selected ion monitoring mode from a urine sample of a worker exposed to 21.0 p.p.m. benzene on the day of urine collection is shown in Figure 1 . Summary statistics of benzene exposures among the three categories (controls, ഛ31 p.p.m. and >31 p.p.m.) and UB levels are shown in Table I . The median UB level among all exposed workers (9.99 µg/l) was significantly higher than that of controls (0.069 µg/l) (P Ͻ 0.0001). When exposed subjects were categorized into and 46.1 µg/l urine, respectively. The Spearman correlation coefficient of UB levels with respect to exposure category was 0.879 (P Ͻ 0.0001). (P Ͻ 0.0001) and same day exposure (P Ͻ 0.0001). Although Fig. 3 . Relationships between log transformed UB (µg/l) versus log transformed urinary metabolites (µg/l) in exposed and control subjects. Solid lines represent relationships in exposed subjects while dotted lines represent relationships including both control and exposed subjects. Table IV . Summary of regressions of UB on exposure among subjects exposed to benzene in previous biomonitoring surveys and the present study that smoking did not significantly affect the levels of UB the correlation between UB and same day exposure (Pearson among exposed subjects. r ϭ 0.717) was greater than that between UB and the geometric mean exposure (Pearson r ϭ 0.595), the difference in the two
Comparison between UB and urinary metabolites correlation coefficients was not significant (Fisher's Z-test, Of the 83 subjects, levels of phenol, hydroquinone and muconic P ϭ 0.831). The scatter plot of same day benzene exposure acid were available for 38/42 exposed and 17/41 control versus UB levels is shown in Figure 2 . Least squares regression subjects while levels of catechol were available for 37/42 revealed the following relationship: ln(UB, µg/l) ϭ 0.20 ϩ exposed and 16/41 control subjects. The scatter plots of levels of UB versus metabolites are shown in Figure 3 . Linear 0.71 ln(exposure, p.p.m.). Multiple regression analysis showed Fig. 4 . Plots of ratios of individual metabolites to total metabolites versus UB levels in benzene-exposed workers. (Solid lines represent values predicted using the log-log relationships shown in Figure 3 for exposed workers only.) relationships were found between UB and all four metabolites Discussion with or without inclusion of control subjects, as indicated in
The growing awareness that exposure to benzene causes Figure 3 and summarized in Table II . All four metabolites leukemia has motivated development of biomarkers of exposure were highly correlated with UB (Pearson r Ͼ 0.730 and P to this contaminant. Several urinary metabolites (phenolic Ͻ 0.001).
metabolites, MA and SPMA) have been used to assess shortComparison of UB with respect to smoking in unexposed term exposures to benzene. However, their utility has been subjects limited because of poor specificity (high background levels of the phenolic metabolites and MA) (18) (19) (20) (21) (22) 36 ) lack of sensitivity Forty-one control subjects including 23 non-smokers and 18 smokers were analyzed to evaluate the effect of smoking (15) or complexity of the assays (SPMA) (11). Given these problems, the determination of UB presents a simple and on UB. Of the 18 smoking controls all but two were from the sewing machine facility. Smoking status was available unambiguous alternative for biological monitoring of benzene exposure. However, the routine application of UB has been as the average number of cigarettes smoked per day in the last month. One subject reported smoking 70 cigarettes/day limited by practical difficulties (27) and insufficient sensitivity for environmental applications (14,27). but had extremely low levels of UB and all urinary metabolites and hence was excluded from the analysis.
Here we report the use of HS-SPME to measure UB among benzene-exposed workers and unexposed controls. By using a Summary statistics of UB and smoking status for the 40 control subjects are shown in Table III . The median number combination of headspace sampling with GC-MS this assay minimizes interference from the biological matrix and offers of cigarettes smoked per day was 10 (range [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The mean concentration of UB found in smokers was 191 Ϯ greatly enhanced specificity and sensitivity over previous methods. Since the limit of detection (0.016 µg/l in a 0.5 ml 486 ng/l and in non-smokers was 116 Ϯ 172 ng/l. No significant difference was observed between the means of specimen based on a signal-to-noise ratio of 3) corresponds to a benzene exposure of 2 p.p.b., this assay can easily be applied the log transformed values for the two groups (Student's t-test, P ϭ 0.920).
in both occupational and environmental settings. The relationship between UB and benzene exposure from of the retained benzene was excreted in urine as unmetabolized benzene. This is much lower than that accounted for by the the current investigation is compared with previously reported results in Table IV ; in each case the slope and intercept are total of benzene metabolites among these workers, which was 80% of retained benzene (33) . given for the regression of ln(UB, µg/l) on ln(exposure, p.p.m.). The slopes of these log-log relationships, ranging from 0.42
Given the wide range of same day exposures among the workers in our study (0.85-332 p.p.m.), it is likely that many to 0.71 (current investigation), suggest that levels of UB were less than proportional to benzene exposure over the ranges of the subjects experienced saturation of the CYP450 enzymes (primarily CYP4502E1) (9) responsible for metabolism of reported (37). This points to several possible explanations, including non-linear kinetics of uptake and metabolism of benzene and some of its metabolites. Rothman et al. (33) used the ratio of individual metabolite levels to total metabolites benzene, (negative) biases in the slopes due to exposure measurement errors and multiple sources of benzene exposure, (the sum of the levels of all major metabolites, i.e. phenol, hydroquinone, catechol and MA) versus total metabolites to such as dermal contact and cigarette smoking (37) .
The relative amount of benzene excreted in urine with gauge the extent of saturable metabolism among these workers.
Here we have compared the ratios of individual metabolites respect to the total amount of benzene absorbed can be estimated assuming a respiration rate of 15 ml/min and an to total metabolites versus UB as a measure of retained benzene. As shown in Figure 4 , our data point to greater than absorption rate of 50% in the lung (8, 38) . Hence, at a median daily benzene exposure of 31 p.p.m. (1 p.p.m. ϭ 3.2 mg/m 3 ), proportional production (with increasing UB) of phenol and catechol and less than proportional production of hydroquinone a worker would absorb 0.74 mg benzene/min [31 p.p.m.ϫ3.2 mg/m 3 (p.p.m.) -1 ϫ0.5 (retention)ϫ15 l/minϫ1000 cm 3 /lϫ1
and MA, consistent with the earlier findings in these workers (33) and with animal experiments (39). As shown in Figure  m 3 /10 6 cm 3 ]. Using the quantitative relationship between benzene exposure and UB in our study [ln(UB, µg/l) ϭ 0.20 5, these patterns suggest that benzene, phenol and benzene oxide oxepin all compete for the same cytochrome P450 ϩ 0.71 ln(exposure, p.p.m.)], the exposure to 31 p.p.m. benzene would lead to urinary excretion of 14 µg benzene/l urine. This enzymes. Such competitive inhibition should reduce the proportions of metabolites requiring a second oxidation, i.e. translates to a rate of urinary excretion of 0.014 µg benzene/ min, assuming that 1 ml of urine is removed per min (8) .
of hydroquinone (from phenol) and MA (from benzene oxide oxepin), while increasing the proportions of phenol and Thus, we estimate that at 31 p.p.m., (0.014/0.74)ϫ100 ϭ 1.9%
